INTRODUCTION
The eastern spruce budworm, Choristoneura fumiferana, is a serious forest insect pest in North America responsible for the destruction of an average of 4?4 million hectares of forest per year in Canada from 1990-2001 (National Forestry Database; http://nfdp.ccfm.org/index_e.php). Presently, there is no biological agent capable of effectively controlling C. fumiferana infestations. C. fumiferana nucleopolyhedrovirus Ireland strain (CfMNPV), was isolated and plaque purified from a wild-type virus population and has been described previously (Arif et al., 1984) . The wild-type virus isolate consists of at least two distinct viruses, CfMNPV and another designated C. fumiferana defective nucleopolyhedrovirus (CfDEFNPV). The latter was deemed defective because of its inability to infect C. fumiferana by the per os route although it is infective when injected into the haemolymph. In the presence of CfMNPV acting as a helper, CfDEFNPV can infect C. fumiferana per os and synergizes CfMNPV infection (unpublished data). The two viruses are distinct species as evidenced by restriction endonuclease (REN) analysis and cross-hybridization studies.
Other defective baculoviruses that lack the ability to infect their natural hosts by the per os route have been reported. Deletions in the Spodoptera exigua mutilpe nucleopolyhedrovirus (MNPV) genome have been noted following serial passage in insect cell culture resulting in a virus that is non-infective per os (Heldens et al., 1996) . Studies of this defective virus led to the identification of the per os infectivity factor-2 (pif-2) (Pijlman et al., 2003) . Mutualistic interactions similar to that between CfMNPV and CfDEFNPV have been reported between virus genotypes of Spodoptera frugiperda nucleopolyhedroviruses (NPVs) with mixtures containing a complete genotype capable of being transmitted orally and a deletion mutant unable to be transmitted orally, resulting in increased pathogenicity (Lopez-Ferber et al., 2003) .
Efforts are being expended to elucidate the nature of the defect in CfDEFNPV and to understand CfDEFNPV's synergistic effect on CfMNPV. Essential to this purpose was the characterization of CfDEFNPV at the genomic and molecular levels. The sequences of several genes including CfDEFNPV ecdysteroid UDP-glucosyltransferase (egt), late expression factor-1 (lef-1) (Barrett et al., 1995 (Barrett et al., , 1996 , polyhedrin (GenBank accession no. U78194), p48, p82 and spindlin (Li et al., 1999 (Li et al., , 2000 have previously been published or released in GenBank; plus CfDEFNPV-4 cathepsin and chitinase (U72030). CfDEFNPV-4 is a plaque purified strain of CfDEFNPV, capable of per os infection in C. fumiferana larvae. In this study, the CfDEFNPV genome was cloned as restriction fragments into plasmid vectors and the inserts sequenced. The complete genome was assembled and analysed and the sequence data compared to that of other baculovirus genomes.
The genomes of 26 baculoviruses are presently in GenBank, 23 from lepidopteran hosts, one dipteran baculovirus Culex nigripalpus NPV (Afonso et al., 2001) and two hymenopteran baculoviruses, Neodiprion lecontei NPV (Lauzon et al., 2004) and Neodiprion sertifer NPV (Garcia- Maruniak et al., 2004) . The lepidopteran baculoviruses consist of seven group I NPVs, nine group II NPVs, and with the recent addition of Agrotis segetum granulovirus (NC_005839), seven granuloviruses (GVs). Comparison of the CfDEFNPV genome with other baculovirus genomes may help determine genes essential for survival and those affecting individual variation among baculoviruses and provide insight into the evolutionary history of insect viruses. Analysis of the CfDEFNPV genomic sequence is a preliminary step in identifying its defect, understanding its relationship with CfMNPV and helping in the engineering of either virus for pest management.
METHODS
Virus and DNA. CfDEFNPV was isolated from a wild-type virus mix found in diseased C. fumiferana larvae. Propagation of the wildtype mix in CF70 cells led to the isolation of CfDEFNPV whereas CfMNPV Ireland strain was identified following propagation in CF124T cells. DNA from CfDEFNPV, amplified in CF70 cells, was purified from extracellular virus or from occlusion bodies based on standard methods (O'Reilly et al., 1992) .
REN analysis and cloning of restriction fragments. Purified viral DNA from CfDEFNPV was digested with HindIII, EcoRI, XbaI, BamHI and PstI and the generated restriction fragments cloned into pT7T3 18U or pUC19 vectors and the plasmids propagated in Gibco-BRL DH5a competent cells following the manufacturer's instructions. Fragments not cloned by the shotgun method were gel purified by using either the Gibco-BRL GlassMAX spin cartridge system or the phenol freeze method (Benson, 1984) and cloned into pUC19.
Construction of physical and gene maps. Initial sequence data were used to align fragments with overlapping open reading frames (ORFs). Confirmation of fragment positioning was carried out by double digestion of cloned DNA fragments with restriction enzymes to generate end and internal fragments to aid in map alignments. Cross-hybridization at high stringency was done to confirm sequence homology between fragments of different genomic digests using probes prepared with the Gibco-BRL Random Primers DNA Labelling system. Sequencing data from overlapping fragments were used to confirm physical mapping and the presence of small, uncloned fragments.
DNA sequencing and computer analysis. Plasmid templates for sequencing were prepared from HindIII, EcoRI, XbaI, BamHI and PstI cloned DNA fragments by using either Qiagen plasmid midi kits or QIAprep 8 miniprep kits. Sequencing reactions were done using a Thermo Sequenase fluorescent-labelled primer cycle sequencing kit (Amersham Pharmacia) using forward and reverse primers. To fill in gaps, primer walking was done using Cy5-dATP internal labelling with the Amersham Pharmacia Auto Read kit. Overlapping fragments were sequenced to span REN junctions. DNA samples were electrophoresed on a Pharmacia ALF express automatic sequencer or were sequenced at core facilities. DNA sequence data were manually edited and analysed by using MacVector sequence analysis software (version 4.1.4) and DNAStar LASERGENE programs (version 5.0). Both strands were sequenced giving an average four times coverage. Sequence data were submitted to GenBank and database searches performed using the National Centre for Biotechnology Information BLAST searches (Altschul et al., 1990 (Altschul et al., , 1997 . ORFs encoding more than 50 aa with minimal overlap were accepted as putative genes, with the largest overlapping ORFs generally being selected. A limited number of exceptions were made if small or overlapping ORFs showed baculovirus similarity. Potential ORFs overlapping homologous regions (hrs) and containing hr palindromes were excluded. Protein alignments were done using DNAStar's MEGALIGN CLUSTALW and percentage amino acid identity indicates the percentage of identical residues between complete ORFs. The Simple Modular Architectural Research Tool (SMART) (Schultz et al., 1998 (Schultz et al., , 2000 was used to analyse selected ORFs. Tandem Repeat Finder, with default settings (Benson, 1999) , was used to identify tandem repeats. CfDEFNPV hr palindromes were identified by comparing hr regions found in GenBank BLAST searches against themselves with the aid of the MacVector Pustell DNA matrix analysis program and by searching the genome using hr consensus sequences from Autographa californica MNPV (AcMNPV, Ayres et al., 1994; Possee & Rohrmann, 1997) , Orgyia pseudotsugata MNPV (OpMNPV, Ahrens et al., 1997; Possee & Rohrmann, 1997) , Bombyx mori NPV (BmNPV, Gomi et al., 1999) , Lymantria dispar MNPV (LdMNPV, Kuzio et al., 1999) , CfMNPV (de Jong et al., 2005) and Anticarsia gemmatalis MNPV (AgMNPV, GarciaMaruniak et al., 1996) . Codon usage was determined by using the countcodon program (http://www.kazusa.or.jp/codon/) (Nakamura et al., 2000) . Phylogenetic trees were constructed with DNAStar MEGALIGN CLUSTALW protein alignments of 29 conserved baculovirus protein concatamers using default conditions, phylogenetic analysis using parsimony (PAUP 4.0b10; Swofford, 2003) , maximumparsimony analysis with heuristic search and stepwise addition option; and were confirmed by bootstrap analysis with heuristic search and 1000 replicates.
RESULTS AND DISCUSSION
REN analysis and construction of physical maps REN digestion with HindIII clearly showed that C. fumiferana wild-type virus contained both CfDEFNPV and CfMNPV Ireland strain and that each virus had different REN patterns (Fig. 1) . During initial cloning and sequencing, no HindIII clone was found containing the 59 end of a homologue to AcMNPV ORF 142 (ac142, p49) and the 39 end of ac147 (immediate early gene-1, ie-1) and that fit between the fragments HindIII M and G. Hybridization of the 32 P-labelled CfDEFNPV EcoRI E fragment, which spanned this region, to Southern blots of CfDEFNPV digests suggested the presence of a HindIII fragment co-migrating with fragments HindIII Q (3236 bp) and R (3209 bp), making this a triplet and not a doublet. The identification and cloning of this third co-migrating band, called HindIII S (3171 bp), and its confirmation by sequencing, will affect the original lettering of fragments beyond HindIII R including fragments containing the egt and lef-1 genes (Barrett et al., 1995 (Barrett et al., , 1996 . The CfDEFNPV HindIII fragment containing the egt gene will now be designated HindIII U not T and the fragment containing the lef-1 gene, HindIII X not W (Fig. 2) .
Genomic DNA sequencing and annotation
The CfDEFNPV genome was 131 160 bp in size, contained 149 ORFs and had a G+C content of 45?8 mol% making it larger than the CfMNPV genome at 129 593 bp with 146 ORFs and it had a lower G+C content than CfMNPV, which had G+C content of 50?1 mol% . Schachtel et al. (1991) have suggested that viruses that co-infect the same host may have different base compositions to reduce competition for nucleotides but codon usage was quite similar between CfDEFNPV and CfMNPV (Table 1) .
Recent convention has designated the adenine residue of the translational initiation codon of the polyhedrin gene as the zero point of a linearized baculovirus genome sequence Chen et al., 2001) . This was modified for CfDEFNPV and the last base of the termination site of the polyhedrin gene was counted as base one. This compromise respects polyhedrin as the first ORF but maintains the historical orientation of CfDEFNPV and gene parity with other baculoviruses. The location, orientation and size of ORFs and their potential homologues in several baculoviruses are summarized (Fig. 2, Table 2 ). Two ORFs less than 50 aa, Cfdef79 (ac85) and Cfdef99 (op106, inhibitor of apoptosis-4/iap-4) at 36 and 41 aa, respectively, were accepted as they showed baculovirus gene homology. Cfdef50 (ac53a, lef-10) and Cfdef77 (ac82, telokin-like protein/tlp-20) were also accepted despite overlaps greater than 75 nt with adjacent ORFs. It is not known if these potential ORFs are functional. Several ORFs including Cfdef50, 57, 67, 81, 101, 112, 126 (pp34 calyx) , 130 (p26) and 132 (p74) had more than one potential translational start site. The longer versions were accepted unless an overlap greater than 75 nt occurred with adjacent ORFs. Primer extension studies can reveal which transcriptional initiation sites are used. One-hundred and forty-seven ORFs had homologues in other baculoviruses with Cfdef19 and Cfdef142 so far being found only in CfDEFNPV. As more Fig. 1 . Agarose gel electrophoresis (0?7 %) of HindIII digested genomic DNA from CfDEFNPV, C. fumiferana wild-type virus (WT) and CfMNPV Ireland strain and a 1 kb ladder. CfDEFNPV bands are lettered in order of decreasing size on the left and the size of the ladder bands are shown on the right. The band labelled QRS is trimolar which is at variance with earlier reported lettering (Barrett et al., 1995 (Barrett et al., , 1996 . The lower bands Z, a and b cannot be seen as they are too faint and band c, d, e and f, have run off the gel. Note that the WT virus has bands representing both CfDEFNPV and CfMNPV DNA. genomic sequences are reported, ORFs previously identified as unique have been found in other baculoviruses. One ORF originally reported without baculovirus homologues in GenBank, is ld7 . It now shows a GenBank match to Cfdef145.
CfDEFNPV gene content
The analysis of genes present in different baculovirus genomes may help to determine which genes are essential for virus survival and help in understanding host range, virulence and morphology. Genes found in all baculoviruses are more likely to be essential genes whereas auxiliary genes found in only some baculoviruses, may give viruses a selective advantage in nature (O'Reilly, 1997).
Other defective viruses that have been reported previously, generally contain clear deletions and their genomes are shorter than their helper viruses. These deletion genomes may have a replicative advantage due to their shorter length (Lopez-Ferber et al., 2003) . CfDEFNPV is unusual in that its genome is larger than its helper virus, CfMNPV, and it does not have a clear deletion. CfDEFNPV contained all 29 genes so far conserved in the fully sequenced baculovirus genomes present in GenBank (Lauzon et al., 2004) and all 62 ORFs listed as conserved lepidopteran baculovirus genes (Herniou et al., 2003) . Some genes attributed to DNA replication and found in some but not all baculoviruses, including proliferating cell nuclear antigen (pcna), ribonucleotide reductase large subunit (rr1) and small subunit (rr2), and dutpase (Hayakawa et al., 2000) , were not found in CfDEFNPV. Ribonucleotide reductase is involved in the conversion of host cell rNTPs into dNTPs for use in viral DNA synthesis, which may allow the virus to replicate in non-dividing cells where dNTP pathways are inactive . In vaccinia virus, deletion of ribonucleotide reductase greatly reduces virulence in vivo but has little effect on replication in cell culture (Child et al., 1990) . Lack of a functional dutpase gene is associated with increased mutation frequency in feline immunodeficiency virus (Lerner et al., 1995) and to a delay in replication in non-dividing cells (Turelli et al., 1996) .
All transcription specific genes reported in other baculoviruses were found, although, Cfdef50 (lef-10) had a 139 bp overlap with Cfdef51 (vp1054). An enhancin homologue was not found, otherwise all genes encoding identified NPV structural proteins were present (Hayakawa et al., 2000) .
Enhancins are viral synergistic factors that dramatically enhance the oral infectivity of NPVs (Derksen & Granados, 1988) . Viral enhancing factors (vef) identified in several GVs and type II NPVs, are metalloproteinases that appear to be involved in the degradation of the peritrophic membrane leading to increased viral potency (Wang & Granados, 1997) . A vef with a metalloprotease zinc-binding signature domain has been identified in CfMNPV (de Jong et al., 2005) . Perhaps the presence of the CfMNPV VEF in mixed infections may help CfDEFNPV infect C. fumiferana larvae by the per os route. The presence of a gp64 homologue (Cfdef123) suggested that CfDEFNPV is a group I NPV (Pearson et al., 2000) . An ld130 (ac23) homologue or F protein was also present (Cfdef21). ld130 homologues are thought to be the primordial baculovirus envelope fusion proteins (Pearson et al., 2000) , and are thought to act as functional analogues for gp64 in Group II NPVs .
Auxiliary genes such as the apoptosis inhibitor p35 (ac135) and conotoxin-like protein genes (ctl-1/ac3, ctl-2/op30) were not found but homologues to iap-1, -2, -3 and -4 were present. iap-3 homologues in Cydia pomonella GV (CpGV, Luque et al., 2001) and OpMNPV block apoptosis induced by AcMNPV infection (Crook et al., 1993; Birnbaum et al., 1994) . Cfdef30 (iap-3) appears to function in the same way as cp17/op35 (iap-3) (data not shown). Cfdef99 (iap-4, 114 nt) was significantly shorter than op106 (iap-4, 357 nt). Neonate or late instar S. frugiperda larvae infected with a wild-type AcMNPV or a ctl-1 knockout mutant, showed no differences in mortality, motility or weight gain suggesting ctl-1 is not an essential gene (Eldridge et al., 1992) . AcMNPV has a ctl-1, OpMNPV and LdMNPV have ctl-1 and ctl-2 while CfDEFNPV lacks both.
Other genes identified in the genomes of CfDEFNPV and OpMNPV but not in AcMNPV included homologues to op5/Cfdef2, op9/Cfdef7 (ptp-2), op36/Cfdef31, op37/ Cfdef32, op110/Cfdef104, op113/Cfdef108 and op150/ Cfdef144. Genes found in CfDEFNPV and AcMNPV but not in OpMNPV included homologues to ac33/Cfdef27 (Herniou et al., 2001) . ac105 (he65) is 554 aa in length while he65 homologues, bm89 and ha61, are much smaller at 289 and 236 aa, respectively. Cfdef97 (217 aa), corresponded to the 39 end of ac105 and Cfdef98 (318 aa) to the 59 end with both having ATG start sites. An intergenic space of 67 nt was present between the two ORFs that also corresponded to the sequence of ac105. No sequencing error could be found but this possibility exists. The loss of 1 nt might have caused a frame-shift and loss of function for the two partial he65 ORFs, or the CfDEFNPV he65 homologues could have been acquired independently of ac105 and both might be functional. CfMNPV also lacked a full copy of he65, but contained short contiguous sequences, in different reading frames, which displayed similarity to portions of AcMNPV he65 .
Per os infectivity factors
During baculovirus infection, ingested occlusion bodies are dissolved in the alkaline midgut of the host, releasing occlusion-derived virus (ODV). The released virions pass through the peritrophic membrane and fuse to the midgut epithelial cells . Three genes have so far been implicated in per os infectivity, including p74 (ac138), pif (ac119) and pif-2 (ac22). Deletion of the C terminus of ac138 (p74) abolishes per os infectivity but does not interfere with virus replication in cell culture (Kuzio et al., 1989) . P74 is a structural polypeptide of the ODV phenotype and is most likely associated with the outside surface of the virion envelope and involved in virus entry into midgut cells (Faulkner et al., 1997) . PIF (ac119), another structural protein of the ODV envelope, may be required between the binding of ODVs to the midgut cells and the beginning of DNA replication of the virus and may interact with P74 (Kikhno et al., 2002) . It is not yet known if a third protein involved in per os infectivity, PIF-2 (ac22), is an ODV-specific structural protein, but it may have coevolved and been closely associated with PIF (Pijlman et al., 2003) . These genes appear to be well conserved in all baculoviruses even those in non-lepidopteran hosts that replicate only in midgut cells (Afonso et al., 2001; GarciaMaruniak et al., 2004; Lauzon et al., 2004) .
p74 (Cfdef132), pif (Cfdef114) and pif-2 (Cfdef10) were all present in CfDEFNPV. No marked mutations or deletions were noted in Cfdef132 (p74), but since it had two potential translational start sites, it was potentially larger than ac138 (p74). Cfdef132 had a hydrophobic C terminus determined by the Kyte-Doolittle scale and had several domains with an a-helical structure determined with ChouFasman analysis, as in ac138 (Faulkner et al., 1997; Slack et al., 2001) . PIF homologues generally contain 19 conserved cysteines (Kikhno et al., 2002) . Cfdef114 (PIF) contained all the conserved cysteines but CLUSTALW alignments showed that the last cysteine did not align directly with the last cysteine in other PIF homologues. It is not known if this minor change would alter potential disulfide bond formation and folding of the PIF protein. SMART analysis showed that Cfdef114 contained a signal peptide and a transmembrane domain as in the Spodoptera littoralis NPV M2 PIF protein (Kikhno et al., 2002) . CLUSTALW alignment of Cfdef10 (PIF-2) with other PIF-2 homologues showed the 
*Not all bro genes were included in calculating the mean amino acid identity. Best matches and number of bros in each genome were considered. DSo far unique to CfDEFNPV. dMore than one potential translational start site. §Smaller than 50 aa but accepted as they had a baculovirus match. ||Both Cfdef97 and 98 matched to different parts of the same AcMNPV homologue and were counted as one ORF shared with ac105 (he65). Cfdef97 corresponds to the 39 end of ac105 (he65) and Cfdef98 to the 59end.
expected 11 conserved cysteines (Pijlman et al., 2003) . SMART analysis indicated a transmembrane domain and a signal peptide, and the Kyte-Doolittle scale revealed a hydrophobic N terminus, as in other PIF-2 homologues (Pijlman et al., 2003 ). An inversion is present in CfDEFNPV relative to other group I NPV genomes, involving Cfdef10 (pif-2) to Cfdef20. It is not known if this would affect the expression of pif-2 in any way. It is also possible that since no significant irregularities were noted with the sequences of the three known per os infectivity factors and since electron microscopy has suggested that the defect in CfDEFNPV infection appears to be at the stage of the basal lamina (data not shown), that another yet unknown gene(s) product could be involved in the lack of per os infectivity in CfDEFNPV.
Baculovirus repeated ORFs
Baculovirus repeated ORFs (bros) exist in several baculoviruses and their expressed proteins may bind nucleic acids (Zemskov et al., 2000) . Members of the bro gene family have been separated into four groups based on the relationship of different bro domains with group I bros having three subgroups . Four bro homologues were present in CfDEFNPV. Cfdef6 (BRO-a), appeared to be a group I bro and showed high amino acid identity to an AgMNPV BRO (Zanotto et al., 1992) (81?7 % amino acid identity) followed by ac2 (77?2 %) and ld153 (BRO-n) (77?0 %). Cfdef59 (BRO-b), also appeared to be a group I bro but was closer to the subgroup containing ld161 (BRO-p), bm22 (BRO-a), ld33 (BRO-b) and bm81 (BRO-c). Cfdef101 (BRO-c) was in the group II bro family with close homology to ld32 (BRO-a), ld146 (BRO-l) and ld150 (BRO-m) while Cfdef112 (BRO-d) was closer to op116 (79?8 %) and Eppo111 (74?9 %) than to ac2 (19?5 %).
Other ORFs
A homologue of the v-trex gene found in AgMNPV and CfMNPV (cf114) thought to be involved in virus recombination or UV-light tolerance, was identified in CfDEFNPV (Cfdef119). Cfdef116 also showed similarity to an unknown AgMNPV ORF (Slack et al., 2004) . Two potential ORFs were identified that have not been found in other baculoviruses. Cfdef19 showed no BLASTP matches to GenBank sequences. The other potential unique ORF, Cfdef142, contained a CIDE-N conserved domain (pfam02017). This domain is found in caspase-activated (CAD) nucleases, which induces DNA fragmentation and chromatin condensation during apoptosis, and in the cell death activator proteins CIDE-A and CIDE-B, which are inhibitors of CAD nuclease. The two proteins interact through this domain (InterPro entry IPR003508). This suggested that Cfdef142 might play a role in the apoptotic pathway.
Homologous regions
hrs contain direct repeats and perfect or imperfect palindrome sequences, and are dispersed throughout most but not all baculovirus genomes. The number of hrs range from three in Cryptophlebia leucotreta GV to 17 in Spodoptera litura NPV . They have been implicated as origins of DNA replication (Pearson et al., 1992; Leisy & Rohrmann, 1993; Kool et al., 1995; Xie et al., 1995) and as enhancers of transcription (Guarino & Summers, 1986; Theilmann & Stewart, 1992) . Major rearrangements, insertions and deletions in OpMNPV relative to AcMNPV have been detected near hrs and it is thought that hrs may be active in inter-or intra-molecular recombination .
Thirteen hrs were found in CfDEFNPV containing a total of 39 imperfect palindromes (30 bp), with one to five palindromes per region (Fig. 3a) . A direct repeat region containing 2?7 copies of a 28 bp repeated sequence without a palindromic core, was also found between Cfdef144 and 145. The relatively low number of repeats per region is at variance with the higher frequency of repeats per hr in other baculoviruses, with CfMNPV containing 7-10 repeats per hr . Other examples of potential hrs with a single copy of a repeat unit have been demonstrated and it has been shown that a single repeat-element can support limited plasmid DNA replication in AcMNPV (Leisy et al., 1995) . The CfDEFNPV hr palindrome consensus GTTTTACAAGTACAATCGTACTTGTAAAAC, had the highest identity to the hr consensus sequence from BmNPV (Majima et al., 1993) , AcMNPV (Possee & Rohrmann, 1997) and the AgMNPV hr4 consensus (Garcia- Maruniak et al., 1996) (24/30 bases, 80 %) followed by the hr consensus from CfMNPV (23/30 bases, 76?7 %) and OpMNPV (Possee & Rohrmann, 1997) (18/30 bases, 60 %) (Fig. 3b) .
Baculovirus hrs may have descended from a common ancestor that had a set of hrs present at locations throughout its genome. The close relatedness of hr sequences within viral genomes suggested the sequences may undergo co-evolution possibly as a result of their interaction with a viral protein, e.g. ie-1, which is also involved in hr binding (Choi & Guarino, 1995; Leisy et al., 1995; Rodems & Friesen, 1995) . The genomic context of hrs might be an important factor, with the position of hr3 in OpMNPV and AcMNPV being the most conserved. The relative position of other hrs are close to each other but not identical (Possee & Rohrmann, 1997) . Several CfDEFNPV hrs were located in similar regions to those in other baculoviruses. CfDEFNPV hr3 was in the same relative position as hr2 in AcMNPV, to the right of the homologue to ac31 (sod), and was close to that of hr2 in Epiphyas postvittana NPV (EppoNPV, Hyink et al., 2002) , CfMNPV and OpMNPV. hr5 was in the same position as hr3 in CfMNPV, OpMNPV and AcMNPV, to the right of the p95 homologue. hr8 in CfDEFNPV and hr3 in EppoNPV were both to the right of the pif homologue. hr9 was in the same relative location as OpMNPV hr4, between homologues of lef-7 and chitinase. Chitinase also borders CfMNPV hr4. hr11 was to the right of p74 as is OpMNPV hr5 and EppoNPV hr4, and hr12 was in the same position as OpMNPV hr1, after ie-2. EppoNPV hr5 and CfMNPV hr5 are before ie-2 (Fig. 4) . The relative conservation of hr positions may be necessitated by their role as transcriptional enhancers or origins of DNA replication (Possee & Rohrmann, 1997) .
This study appeared to corroborate the role of repeat regions with homologous recombination, as major changes in the CfDEFNPV genome relative to other genomes occurred near hrs. For example, CfDEFNPV had an inversion relative to EppoNPV, CfMNPV, OpMNPV and AcMNPV between CfDEFNPV hr1 and hr2 (Fig. 4) .
Comparison of CfDEFNPV with other baculoviruses
One would expect CfDEFNPV to share a close relationship to CfMNPV, as both were found in the same host. The CfDEFNPV genome, however, was larger, contained more ORFs and had more hr regions with fewer repeats per region than CfMNPV. CfDEFNPV did not have enhancin, pcna, ctl, an extra p26 homologue or the unique genes found in CfMNPV but had homologues to hisP (ac33), ac85, he65 (ac105), iap-4 (op106), op110 and eppo101 and eppo134 plus two unique genes, all of which are not present in CfMNPV. An inversion relative to CfMNPV was present involving Cfdef10 (pif-2) to Cfdef20. CfDEFNPV egt and lef-1 showed higher amino acid identities to OpMNPV than to CfMNPV (Barrett et al., 1995 (Barrett et al., , 1996 . The present study confirmed this observation, with 64 CfDEFNPV ORFs showing the same or higher amino acid identity to ORFs from OpMNPV than to those from CfMNPV. The overall mean amino acid identity for shared ORFs, however, was almost identical at 68?5 % with OpMNPV and 68?4 % for CfMNPV. P10 proteins are generally not highly conserved amongst baculoviruses (Van Oers & Vlak, 1997) . P10 proteins in CfDEFNPV and OpMNPV were an exception and shared 88?3 % amino acid identity (Table 2) . By comparison, the CfDEFNPV P10 protein was only 43?9 % identical with the P10 protein of CfMNPV. P10 is a highly expressed, very late baculovirus protein, which forms extensive fibrillar structures in the nucleus and cytoplasm of infected cells (Rohrmann, 1992; Van Oers & Vlak, 1997) .
In comparing CfDEFNPV with other fully sequenced baculoviruses, the closest mean amino acid identity for shared proteins was to EppoNPV (68?9 %, Table 2 ). CfMNPV shares a close identity with OpMNPV and this may be due to the shared ecological niche of their specific insect hosts in conifer trees (Lapointe et al., 2000) . CfDEFNPV and CfMNPV were isolated from the same host so one would expect them to share a close identity whereas EppoNPV was isolated from the light brown applemoth, E. postvittana, a major pest of a variety of fruit crops in a geographically distinct region (New Zealand) from CfDEFNPV and CfMNPV. E. postvittana, however, like C. fumiferana, is a tortricid host (Hyink et al., 1998) .
More intriguing was the close amino acid identity of CfDEFNPV proteins with individual ORFs from AgMNPV. The EGT of AgMNPV shows 95?9 % amino acid identity with CfDEFNPV EGT (Rodrigues et al., 2001) . This study gave similar results with CfDEFNPV showing 87?8 % mean amino acid identity with the 29 complete AgMNPV ORFs available in GenBank including homologues to orf1, lef-2, polyhedrin, 1629 capsid, protein kinase (Zanotto et al., 1992) , ac78, ac79, gp41, ac81 (Liu & Maruniak, 1999) , egt The CfDEFNPV hr palindrome consensus sequence compared with the hr palindrome consensus sequence of BmNPV (Majima et al., 1993) , AgMNPV hr4 (Garcia- Maruniak et al., 1996) , AcMNPV (Possee & Rohrmann, 1997) , CfMNPV (de Jong et al., 2005) and OpMNPV (Possee & Rohrmann, 1997) . Y=T or C, K=T or G, M=C or A, R=G or A. (Rodrigues et al., 2001) , p26, p10 (Razuck et al., 2002) , ie-1 (AF368905), vlf-1, gp64 (AY123150), DNA polymerase (AY526324), 25k fp (AY532263) and the ORFs in the gp64 locus (Slack et al., 2004 , Table 2 ). The main host of AgMNPV, Anticarsia gemmatalis, is a subtropical pest of soybean, far removed from the geographical distribution of C. fumiferana in the forests of North America. A study on the genomic and biological relationship between CfDEFNPV and AgMNPV is being conducted and will be submitted separately. Perhaps the host, and not geographical distribution, is more important in closely related viruses.
Phylogeny of CfDEFNPV
Phylogenetic trees based on the combined sequences of conserved baculovirus genes are more robust than those based on the sequences of individual genes and only a few individual genes give results close to the best combined tree (Herniou et al., 2001 (Herniou et al., , 2003 . A most parsimonious tree produced with the combined dataset of 29 conserved baculovirus proteins from 25 fully sequenced baculovirus genomes, placed CfDEFNPV as a group I NPV branching off after EppoNPV and before OpMNPV and CfMNPV (Fig. 5) . The non-hr direct repeat between Cfdef144 and 145, is designated by 'dr'. AcMNPV hr2a is shown as in Possee & Rohrmann (1997) . AcMNPV and OpMNPV linearized genomes start with polyhedrin, but ORF numbers remain as in the original papers Ahrens et al., 1997) . Note that the CfDEFNPV inversions relative to other genomes, are flanked by hr regions and inserts are near hr regions.
In summary, based on gene content, phylogeny of conserved protein concatamers and gene order, CfDEFNPV is a group I NPV. When compared to fully sequenced baculovirus genomes it appeared to have the closest mean amino acid identity for shared proteins with EppoNPV, followed by OpMNPV and CfMNPV, but its highest amino acid identity was to the individual AgMNPV proteins available in GenBank. The role of CfDEFNPV as a helper virus in CfMNPV infection, its dependence on CfMNPV for per os infectivity and it close relationship to AgMNPV, are intriguing. Perhaps CfDEFNPV was first isolated from C. fumiferana larvae by chance and may be a helper virus present in other wild-type viruses. Pairs of genomes may work together to infect their hosts more effectively and this phenomenon could provide insight into how such systems evolve at the genetic level (Frank, 2003) . Paired genomes could complement defects in partners (Rohrmann, 1986; Frank, 2003) or defective genomes might encode a useful trait not carried by the other genome (Frank, 2003) . Now that the complete sequence of CfDEFNPV is available, further work will be pursued to shed light on its synergistic effect, its potential defect and its evolutionary history.
